A growing body of evidence indicates that enhanced AMPA-mediated glutamate transmission in the core of the nucleus accumbens is critically involved in cocaine priming-induced reinstatement of drug seeking, an animal model of relapse. However, the extent to which increased glutamate transmission in the other major subregion of the nucleus accumbens, the shell, contributes to the reinstatement of cocaine seeking remains unclear. In the present experiments, administration of the AMPA/kainate receptor antagonist CNQX (0, 0.03, or 0.3 g) into either the core or the shell of the nucleus accumbens before a systemic cocaine priming injection (10 mg/kg, i.p.) dosedependently attenuated the reinstatement of drug seeking. Cocaine priming-induced reinstatement of cocaine seeking also was associated with increases in GluR2-pSer880 in the nucleus accumbens shell. The phosphorylation of GluR2 by PKC at Ser880 plays an important role in the trafficking of GluR2-containing AMPA receptors from the plasma membrane. The current results showed that administration of a cell-permeable peptide that disrupts GluR2 trafficking (Pep2-EVKI) into either the accumbens core or shell attenuated cocaineinduced reinstatement of drug seeking. Together, these findings indicate that changes in AMPA receptor-mediated glutamate transmission in both the nucleus accumbens core and shell are necessary for the reinstatement of drug seeking induced by a priming injection of cocaine. The present results also demonstrate that the reinstatement of cocaine seeking is associated with increases in the phosphorylation-dependent trafficking of GluR2-containing AMPA receptors in the nucleus accumbens.
Introduction
Enhanced AMPA receptor-mediated glutamate transmission in the nucleus accumbens plays a central role in the reinstatement of cocaine seeking (Kalivas et al., 2005; Schmidt et al., 2005) . For example, administration of an AMPA receptor agonist directly into the nucleus accumbens reinstates cocaine seeking, whereas intra-accumbal administration of an AMPA receptor antagonist attenuates the reinstatement of drug seeking induced by a cocaine priming injection (Cornish and Kalivas, 2000) . The nucleus accumbens is anatomically and functionally heterogeneous in that this structure can be divided into two major subregions known as the core and shell (Heimer et al., 1997) . Although there is evidence that increased glutamate transmission in the nucleus accumbens core promotes the reinstatement of cocaine seeking (McFarland et al., 2003) , the respective roles of core and shell AMPA receptors in priming-induced reinstatement of cocaine seeking have not been assessed systematically (Park et al., 2002) .
AMPA receptors are tetrameric and can be composed of four different subunits termed GluR1-4. Virtually all medium spiny neurons in the nucleus accumbens express GluR1 and GluR2 receptor subunits; in contrast, GluR3 and GluR4 subunits are expressed in the nucleus accumbens at low and very low levels, respectively (Bernard et al., 1997; Gold et al., 1997; Boudreau et al., 2007) . Increases in nucleus accumbens GluR1, GluR2 and GluR2/3 have been observed after days to weeks of forced abstinence after cocaine self-administration (Lu et al., 2003; Tang et al., 2004) or in conjunction with the extinction of cocaine selfadministration behavior (Sutton et al., 2003) . For example, the increase in nucleus accumbens GluR2 after cocaine selfadministration was observed 1 and 30 d after the last day of cocaine self-administration (Lu et al., 2003) . Interestingly, GluR2/3 levels also are increased in the nucleus accumbens of cocaine overdose victims (Hemby et al., 2005) . In these experiments, changes in the phosphorylation state of AMPA receptor subunits were not determined. Moreover, changes in AMPA re-ceptor subunit phosphorylation in the major subregions of the accumbens, the core and shell, after cocaine self-administration have not been assessed previously.
Trafficking of AMPA receptors to the plasma membrane is also influenced by a history of cocaine exposure. Thus, three weeks, but not one day, after the last of a series of repeated cocaine injections there was an increase in the ratio of surface to intracellular GluR1 and GluR2/3 AMPA receptor subunits in the nucleus accumbens (Boudreau and Wolf, 2005) . These results suggest that increased synaptic expression of GluR1, GluR2 and possibly GluR3 receptor subunits in the nucleus accumbens contribute to cocaine-induced behavioral plasticity.
The present study had three goals: (1) to assess the effect of administration of an AMPA/kainate receptor antagonist directly into the nucleus accumbens core or shell on cocaine priminginduced reinstatement of cocaine seeking; (2) to determine the effect of cocaine priming-induced reinstatement on the expression of GluR2-pSer880 in the accumbens core and shell; and (3) to evaluate the role of accumbal GluR2-containing AMPA receptor trafficking in the reinstatement of cocaine-seeking behavior.
Our results indicate that phosphorylation-induced trafficking of GluR2-containing AMPA receptors in the nucleus accumbens plays a critical role in cocaine priming-induced reinstatement of drug seeking.
Materials and Methods

Animals and housing. Male Sprague Dawley rats (Rattus norvegicus)
weighing 250 -300 g were obtained from Taconic Laboratories. Animals were individually housed, with food and water available ad libitum in the home cage (rats undergoing food reinstatement were placed on restricted diets, as outlined below). A 12 h light/dark cycle was used with the lights on at 7:00 A.M. All experimental procedures were performed during the light cycle. The experimental protocols were all consistent with the guidelines issued by the U.S. National Institutes of Health and were approved by the Boston University School of Medicine Institutional Animal Care and Use Committee.
Materials. All experiments used Med-Associates modular testing instrumentation enclosed within ventilated, sound attenuating chambers. The apparatus was equipped with response levers, stimulus lights, a food pellet dispenser and injection pump for infusing drugs intravenously.
Surgery. Before surgery, rats were anesthetized with 80 mg/kg ketamine and 12 mg/kg xylazine. An indwelling SILASTIC catheter (inner diameter, 0.33 mm; outer diameter, 0.64 mm) was inserted into the right jugular vein (side opposite the heart) and sutured in place. The catheter was then threaded subcutaneously over the shoulder blade and was routed to a mesh backmount platform (CamCaths) that secured the placement. Catheters were flushed daily with 0.3 ml of the antibiotic Timentin (ticarcillin disodium/potassium clavulanate, 0.93 mg/ml) dissolved in heparinized saline. The catheters were sealed with plastic obturators when not in use.
After catheter insertion, some animals were mounted in a stereotaxic apparatus and guide cannulas (14 mm, 24 gauge) for microinjections were implanted bilaterally 2 mm dorsal to the nucleus accumbens core or the medial nucleus accumbens shell. Cannulas were cemented in place by affixing dental acrylic to stainless steel screws secured in the skull. The coordinates for the ventral ends of the guide cannulas, relative to bregma according to the atlas of Paxinos and Watson (1997) were as follows: core, ϩ1.0 mm anterior/posterior (A/P), Ϯ2.5 mm medial/lateral (M/L), Ϫ5.0 mm dorsal/ventral (D/V); shell, ϩ1.0 mm A/P, Ϯ1.0 mm M/L, Ϫ5.0 mm D/V. To prevent occlusion of the cannulas, an obturator (14 mm, 33 gauge wire) was inserted into each guide cannula.
Cocaine self-administration and extinction. After surgery, rats were allowed 7 d to recover before behavioral testing commenced. Initially, rats were trained in operant chambers to lever press for intravenous cocaine (0.25 mg cocaine/59 l saline, infused over a 5 s period) on a fixed-ratio 1 (FR1) schedule of reinforcement. Each session began with the intravenous administration of 59 l cocaine (0.25 mg) to fill the catheter (little or none of this noncontingent injection reached the systemic circulation). Rats were allowed to self-administer a maximum of 30 injections per 120 min operant session. When at least 20 infusions of cocaine in a session were achieved under the FR1 schedule, the subjects were switched to a fixed-ratio 5 (FR5) schedule of reinforcement. The maximum number of injections was again limited to 30 per daily self-administration session under the FR5 schedule. For both the FR1 and FR5 schedules, a 20 s time-out period followed each cocaine infusion, during which time active lever responses were tabulated but had no scheduled consequences. Responses made on the inactive lever, which had no scheduled consequences, were also recorded during both the FR1 and FR5 training sessions.
Daily operant sessions under the FR5 schedule of reinforcement were continued 5-6 d/week for a total of 21 d of cocaine self-administration on FR1 and FR5 schedules. Cocaine self-administration behavior was extinguished by replacing the cocaine with 0.9% saline. The extinction phase continued until responding on the active lever was Ͻ15% of the response rate maintained by cocaine self-administration under the FR5 schedule of reinforcement.
Reinstatement. After extinction, animals entered the reinstatement phase of the experiment. During reinstatement, using a between-sessions paradigm, satisfaction of the response requirement resulted in saline rather than cocaine infusion (which was identical to extinction conditions). Each reinstatement session was followed by extinction sessions until responding was again Ͻ15% of the response rate maintained by cocaine self-administration. Generally, 1-2 d were necessary to reach extinction criterion between reinstatement test sessions. The FR5 schedule was used throughout the extinction and reinstatement phases of these experiments.
The effect of intra-accumbal core or shell pretreatment with the AMPA/kainate receptor antagonist CNQX on cocaine priming induced reinstatement of drug seeking was assessed. Two doses of CNQX (0.03 or 0.3 g/0.5 l) or vehicle (0.9% saline) were microinjected bilaterally into the core or shell of the nucleus accumbens 10 min before a 10 mg/kg (intraperitoneal) priming injection of cocaine.
In a separate experiment we used a peptide corresponding to the last six amino acids of the C terminus of the GluR2 AMPA receptor subunit (i.e., IEEVKI). This peptide, which is known as Pep2-EVKI, interferes with the interaction between protein interacting with C-kinase (PICK1) and GluR2 AMPA receptor subunits (Li et al., 1999; Daw et al., 2000) . The interaction between PICK1 and the GluR2 subunit is essential for the trafficking of AMPA receptors to and from the plasma membrane (Gardner et al., 2005; Liu and Cull-Candy, 2005; Hanley, 2006; Ziff, 2007) . Using pull-down assays with GluR2, Pep2-EVKI has been shown to selectively and specifically interfere with the interaction between the GluR2 subunit and PICK1 (Li et al., 1999; Daw et al., 2000) . Another peptide, IESVKE known as Pep2-SVKE, was developed as a control peptide for Pep2-EVKI; Pep2-SVKE has been shown to have no influence on the interactions between GluR2 and PICK1 or other GluR2 subunit binding partners (Li et al., 1999) . To render Pep2-EVKI and Pep2-SVKE membrane permeable, they were conjugated to a modified tetrapeptide (Trp-D-Arg-Phe-Lys) previously shown to be capable of transcellular translocation (Zhao et al., 2003) . During the reinstatement phase of the experiment, Pep2-EVKI (5 g/0.5 l), Pep2-SVKE (5 g/0.5 l) or their saline vehicle was microinjected into the nucleus accumbens shell 1 h before a priming injection of 10 mg/kg cocaine (intraperitoneal). Pep2-EVKI (5 g/0.5 l) or its saline vehicle also was microinjected into the nucleus accumbens core 1 h before a priming injection of cocaine. A fluorescent analog of the membrane permeable form of Pep2-EVKI was generated by the substitution of Lys 4 in the tetrapeptide sequence with a ␤-dansyl-L-␣,␤-diaminopropionic acid. This fluorescent analog was used to demonstrate Pep2-EVKI transcellular translocation in vivo after microinjection.
Microinjection procedures. The obturators were removed from the guide cannulas and 33 gauge stainless steel microinjectors (Small Parts) were inserted. These microinjectors were cut to a length that extended 2 mm below the ventral end of the guide cannulas and into the accumbens core or shell. Bilateral infusions were performed simultaneously over a 120 s time period in a total volume of 0.5 l per side. After the microinjections, guide cannulas were left in place for 60 s, to allow the solution to diffuse away from the tips of the cannulas, before they were removed. The goal of the experimental design was to have each animal serve as its own control and receive up to four microinjections per brain region. However, we were frequently forced to deviate from this experimental design when technical difficulties (i.e., blocked microinjection cannulas or loss of catheter patency) made it impossible to test all doses of a compound plus vehicle in an entire cohort of subjects. In every case, however, an animal received at a minimum treatment of one drug dose and its vehicle. To control for potential order effects of drug and vehicle administrations, all drug and vehicle treatments were counterbalanced across reinstatement sessions. However, the loss of some animals from an experiment because of technical difficulties may have compromised aspects of the counterbalanced design. Therefore, all subjects that failed to receive all of the scheduled microinjections underwent a final reinstatement session to confirm that the reinstatement response to a 10 mg/kg injection of cocaine remained robust.
Using this experimental design, the rats underwent a series of extinction and reinstatement sessions. During such repeated extinction sessions, extinction of the ability of cocaine to induce reinstatement is a concern. However, we have previously shown that reinstatement of cocaine seeking persists for at least 20 d after the initial extinction of cocaine self-administration (Park et al., 2002; Anderson et al., 2003) . In all cases, the drug and vehicle treatments were counterbalanced across reinstatement days. All subjects demonstrated stable drug seeking throughout the reinstatement phase of these experiments. This was measured with systemic priming injections of cocaine (10 mg/kg, i.p.) at the beginning, middle and end of the reinstatement phase.
Food reinstatement. Potential nonspecific rate-suppressing effects of Pep2-EVKI were evaluated by assessing the influence of this compound on the reinstatement of food-reinforced responding. Rats were trained initially to press a lever under an FR1 schedule of sucrose pellet (Research Diets) delivery in daily 1 h sessions. The animals were restricted to 3 pieces of lab chow (Harlan Teklad) per day during self-administration and 2 pieces of chow per day (each piece of lab chow weighed ϳ5.5 g) during the reinstatement phase of these experiments. Water was continuously available in the home cage. Once animals acquired selfadministration on the FR1 schedule (Ͻ15% variation in responding on 2 consecutive days), the rats were switched to an FR5 schedule of reinforcement. Subjects were limited to 30 sucrose pellets within a 1 h session.
After 2 weeks of food-maintained responding under an FR5 schedule, rats underwent an extinction phase where lever pressing no longer resulted in food delivery. After lever pressing decreased to 15% or less of the responding maintained by contingent food reinforcement, animals began reinstatement testing the following day. During the reinstatement phase, 1 h after Pep2-EVKI treatment, the animals were placed in the modular testing chambers and the session began with the issue of a noncontingent sucrose pellet prime. The experimenter remotely administered one sucrose pellet every 2 min thereafter for the first 10 min of the reinstatement session. Each reinstatement session was followed by extinction sessions until responding was again Ͻ15% of the response rate maintained by food.
Verification of cannula placements. After the completion of all microinjection experiments, the animals were given an overdose of pentobarbital (100 mg/kg) and perfused intracardially with 0.9% saline followed by 10% formalin. The brain was removed and coronal sections (100 m) were taken at the level of the nucleus accumbens with a Vibratome (Technical Products International). The sections were mounted on gelatincoated slides and stained with cresyl violet. An individual unaware of behavioral responses determined cannula placements as well as excessive cannula-induced damage (defined as a cannula tract in excess of 500 m) or drug-induced neurotoxicity (defined as cell death and gliosis extending beyond 100 m from the cannula tract). Animals with cannulas placements outside of the areas of interest, excessive mechanical damage or neurotoxicity were excluded from subsequent data analysis. In the CNQX and EVKI microinjection experiments, 22 and 19 animals were used, respectively, in the assessment of the reinstatement of cocaineseeking behavior. Eleven animals were removed from the data analysis because of faulty cannula placement and/or excessive mechanical damage and none because of neurotoxicity.
Drugs. Cocaine was obtained from the National Institute on Drug Abuse (Rockville, MD) and dissolved in bacteriostatic 0.9% saline. CNQX (Sigma-Aldrich) was dissolved in sterile 0.9% saline. The doses of CNQX were selected based on previous reinstatement experiments involving microinjections into the nucleus accumbens (Cornish and Kalivas, 2000; Park et al., 2002) .
Cocaine self-administration and yoked controls for Western blotting experiments. Rats underwent catheterization surgery as described above. After a 7 d recovery period from surgery, the rats were placed in the modular testing chambers (Med Associates) and trained using an FR1 schedule of reinforcement. Rats were assigned to one of five groups (selfadministration/challenge injection): cocaine/cocaine, cocaine/saline, yoked saline/cocaine, yoked saline/saline or yoked cocaine/cocaine. Within each individual experiment, rats were randomly assigned to experimental and control groups. Each rat trained to respond for contingent cocaine infusions was paired with a yoked subject that received infusions of saline or cocaine (0.25 g, i.v.). Lever pressing for the salineyoked rats had no scheduled consequences, but these animals received the same number and temporal pattern of infusions as self-administered by the paired cocaine-experimental rat.
When the cocaine-experimental animals achieved stable responding with the FR1 schedule, they were switched to an FR5 schedule. The rats were limited to a maximum of 30 cocaine infusions per daily 2 h selfadministration session. Daily operant sessions were conducted for a total of 14 d. Cocaine self-administration was then extinguished as described above. After extinction, half of the cocaine self-administration rats and half of the yoked saline controls received 10 mg/kg cocaine (intraperitoneal), whereas the remaining animals received an injection of saline (intraperitoneal). All of the yoked cocaine rats received a challenge injection of 10 mg/kg cocaine intraperitoneally. All rats were then placed in the operant chambers under extinction conditions. Thirty minutes after the cocaine or saline injection, rats were removed from the operant chambers and immediately decapitated. The brain was then removed and the nucleus accumbens core and shell were dissected on ice. Brain tissue samples were stored at Ϫ80°C until assayed via Western blotting.
Although this and other experiments in this study control for the influence of various extraneous variables, it should be acknowledged it is not possible to fully dissociate the pharmacological effects of cocaine that may not directly relate to the cocaine seeking. Future experiments could further address this issue by examining cocaine-seeking behavior under conditions where the primary reinforcer has not been introduced (e.g., cue-or stress-induced reinstatement of drug seeking).
Food self-administration and yoked controls for Western blotting experiments. The rats were restricted to three pieces of lab chow (Harlan Teklad) per day during self-administration and two pieces of chow per day during the reinstatement phase of these experiments; water was available ad libitum. Rats initially were trained to press a lever under an FR1 schedule of sucrose pellet (Research Diets) delivery in daily 1 h sessions. Yoked control rats received food in the same temporal pattern as the self-administration animals. Once animals acquired self-administration on the FR1 schedule (defined as Ͻ15% variation in responding on 2 consecutive days), they were switched to an FR5 schedule of reinforcement. During the training phase, animals were limited to 30 pellets within a 1 h session. After 14 d of food-maintained responding, rats underwent an extinction phase where responding no longer resulted in food delivery. After lever pressing decreased to 15% or less of the responding maintained by contingent food reinforcement, reinstatement of food seeking was promoted by the noncontingent administration (remotely by the experimenter) of one sucrose pellet every 2 min during the first 10 min of the reinstatement session. Thirty minutes into the reinstatement session, rats were removed from the operant chambers and immediately decapitated. The brain was then removed and the nucleus accumbens core and shell were dissected on ice. Brain tissue samples were stored at Ϫ80°C until assayed via Western blotting.
Western blotting. The brain tissue samples were homogenized with a Polytron (Brinkman Instruments) in ice-cold TEVP buffer (10 mM TrisHCl, pH 7.4, 5 mM NaF, 1 mM Na 3 VO 4 , 1 mM EDTA, 1 mM EGTA) and sonicated for 8 s. Protein content was determined with a Bio-Rad protein assay kit. 20 mg aliquots were loaded onto 4 -12% tris-glycine gels (Invitrogen) for the GluR proteins. The proteins were blotted to PVDF membranes and immunoprobed in 5% milk (Bio-Rad) according to manufacturer's guidelines. An antibody to GluR2-pSer880 was obtained from Millipore. HRP conjugated secondary antibody dilutions were 1:10,000 (Bio-Rad). Bands were visualized using the ECL detection system (PerkinElmer Life and Analytical Sciences) and their intensities were quantified using computer-assisted densitometry (Alpha Innotech). For data analysis, all bands were normalized to GAPDH, divided by the mean of the control group for the appropriate brain region (and multiplied by 100) to facilitate comparison between brain regions.
Statistics. In terms of the behavioral data, we used a mixed factors design in which we aimed to administer each dose of a drug plus the drug vehicle to all subjects in a group during the reinstatement phase. However, technical difficulties (i.e., loss of catheter patency, clogging of guide cannulas, etc.) regularly result in at least one missing cell. Therefore, we used a statistical model (a mixed model multivariate ANOVA or MANOVA) that accommodates missing cells in the within-subjects aspect of an experimental design using the residual maximum likelihood approach (Berk, 1987) . The Fisher's LSD ( p Ͻ 0.05) post hoc test was used in all cases.
Results
Cocaine priming-induced reinstatement of drug seeking
The data depicted in Figure 1 show the last day of selfadministration, extinction and reinstatement of drug seeking induced by 10 mg/kg cocaine (intraperitoneal) for the experiment described in Figure 2 A (saline or CNQX microinjection into accumbens core before cocaine priming-induced reinstatement of drug seeking). After a total of 21 d of cocaine self-administration, all subjects entered the extinction phase during which selfadministration behavior was extinguished by replacing the cocaine with 0.9% saline. The extinction phase continued until responding on the active lever was Ͻ15% of the response rate maintained by cocaine self-administration under the FR5 schedule of reinforcement. For the animals whose data are depicted in Figure 1 , the extinction criterion was reached in 5.8 (Ϯ0.663) d on average. After extinction, reinstatement of cocaine seeking was precipitated by the administration of 10 mg/kg cocaine (intraperitoneal) to rats pretreated with saline in the accumbens core. Reinstatement of cocaine seeking was assessed at the beginning, middle and end of the reinstatement phase. Statistical analyses of these reinstatement data revealed no significant differences (F (2,7) ϭ 1.484, p Ͻ 0.29), which indicated that the cocaine seeking response remained stable throughout the reinstatement phase.
Microinjection of CNQX into the nucleus accumbens core or shell dose-dependently attenuated the reinstatement of cocaine seeking Animals were administered saline (n ϭ 10) or 0.03 g (n ϭ 8) or 0.3 g (n ϭ 9) CNQX into the nucleus accumbens core or the medial nucleus accumbens shell (saline, n ϭ 8; 0.03 g, n ϭ 4; 0.3 g, n ϭ 8) before a priming injection of cocaine (10 mg/kg, i.p.) during the reinstatement phase. The total active and inactive lever presses during reinstatement after administration of saline or CNQX into the accumbens core before a systemic priming injection of cocaine are shown in Figure 2 A. The total lever presses were analyzed with a two-way MANOVA, which revealed significant main effects of treatment (F (2,24) ϭ 5.185, p Ͻ 0.0134) and lever (F (1,24) ϭ 69.628, p Ͻ 0.0001) as well as a significant interaction between these factors (F (2,24) ϭ 6.849, p Ͻ 0.0044). Subsequent pairwise analyses (Fisher's LSD, p Ͻ 0.05) showed that the total active responses were significantly different between the saline and 0.3 g of CNQX treatments. The time courses of the active lever responses in the saline plus cocaine and 0.3 g of CNQX plus cocaine treatments into the core are summarized in Figure 2 B. These data were analyzed with a mixed-factors MANOVA, with repeated measures over time. This analysis revealed significant main effects of treatment (F (1,17) ϭ 11.369, p Ͻ 0.0036) and time (F (11,7) ϭ 12.288, p Ͻ 0.0015) as well as a significant treatment ϫ time interaction (F (11,7) ϭ 5.709, p Ͻ 0.0147). Pairwise analyses (Fisher's LSD, p Ͻ 0.05) showed a significant difference between the saline and 0.3 g of CNQX pretreatments during the 20 and 30 min time periods.
The total active and inactive lever presses during the reinstatement phase after administration of CNQX into the medial accumbens shell are shown in Figure 2C . The total active lever presses were analyzed with a two-way MANOVA, which revealed significant main effects of treatment (F (2,44) ϭ 10.117, p Ͻ 0.0002) and lever (F (1,44) ϭ 118.023, p Ͻ 0.0001) as well as a significant treatment ϫ lever interaction (F (2,44) ϭ 11.022, p Ͻ 0.0001). Post hoc analyses showed that the total active responses were significantly different between the saline and 0.3 g of CNQX treatments (Fisher's LSD, p Ͻ 0.05). The time courses of the active lever responses in the saline plus cocaine and 0.3 g of CNQX plus cocaine treatments into the shell are summarized in Figure 2 D. The time course data were analyzed with a mixedfactors MANOVA, with repeated measures over time. This analysis indicated a significant main effect of drug treatment (F (1,14) ϭ 7.143, p Ͻ 0.0165) and time (F (11,4) ϭ 16.205, p Ͻ 0.0081) as well as a significant treatment ϫ time interaction (F (11,4) ϭ 5.898, p Ͻ 0.05). Pairwise analyses showed a significant difference between the saline and 0.3 g of CNQX pretreatments during the 10, 20 and 30 min time periods (Fisher's LSD, p Ͻ 0.05). Cannula placements in the nucleus accumbens core and shell from the Cocaine priming-induced reinstatement of drug seeking. A, The reinstatement paradigm used in the current experiments involved 21 d of intravenous cocaine selfadministration (2 h per day) followed by daily extinction sessions until lever pressing decreased to Ͻ15% of responding on the last day of cocaine self-administration. Rats required ϳ1 week to achieve this criterion. The reinstatement phase consisted of a series of reinstatement sessions each of which was followed by extinction that lasted a total of ϳ20 d. B, These data represent active lever responses (mean Ϯ SEM) on the last day of cocaine self-administration and extinction as well as the reinstatement of cocaine seeking for the animals described in Figure 2 A that received a saline microinjection into the nucleus accumbens core before a systemic priming injection of cocaine during the reinstatement phase (n ϭ 10). Figure 2 A-D are presented in Figure  2 E, F.
experiments summarized in
In our experience, the reinstatement of cocaine priminginduced drug seeking time course is typically similar to the response depicted in Figure 2 D. In contrast, during the 20 min time period in Figure 2 B one rat displayed an atypically high response rate, which increased the mean and error during this period. Note that with the exception of the 20 min time period the time courses of the saline/cocaine responses in Figure 2 B, D are similar.
Several measures have been used to evaluate potential nonspecific rate suppressing effects of CNQX in reinstatement paradigms. The modular testing chambers were equipped with an inactive lever, responses on which often are used as a measure of nonspecific alterations in lever pressing during the reinstatement phase. Although CNQX did not have a significant influence on responding on the inactive lever, the low number of inactive lever presses limits the utility of this measure to meaningfully assess potential rate suppressant drug effects. However, previous studies indicated that the range of CNQX doses used in the present experiments had no effect on cocaine-induced behavioral hyperactivity (Cornish and Kalivas, 2000) and actually increased operant responding maintained by food (Maldonado-Irizarry et al., 1995; Park et al., 2002) . These results indicate that intra-accumbal CNQX does not produce nonspecific rate-suppressing effects.
The reinstatement of cocaine seeking was associated with increased GluR2-pSer880 in the nucleus accumbens In these experiments, after an average of approximately a week of extinction, subjects with a previous history of cocaine self-administration or yoked saline controls were administered 10 mg/kg cocaine or saline (intraperitoneal) and were allowed to self-administer saline under extinction conditions for 30 min at which point they were killed and their brains removed for the Western blot analyses. These data are summarized in Figure 3 . As expected, animals with a history of cocaine self-administration showed robust reinstatement of cocaine seeking, whereas the yoked saline controls did not (data not shown). The nucleus accumbens core and shell dissections are shown in the diagram shown in Figure 3A . The densitometry results from the Western blots are shown in Figure 3 , B and C. Unpaired t tests indicated that there was no significant difference in expression of GAPDH between the saline and cocaine groups in either the nucleus accumbens core or shell. All of the Western blot data were initially expressed as a ratio of GluR2-pSer880/GAPDH and then presented as percentage of the control group. Figure 3 , B and C, depicts the GluR2-pSer880 data from the core and shell. These data were analyzed with a mixed factors ANOVA, with factors of self-administration (saline or cocaine) and reinstatement challenge (saline or cocaine) with repeated Figure 2 . Administration of the AMPA/kainate receptor antagonist, CNQX, into the nucleus accumbens core or shell attenuates cocaine priming-induced reinstatement of cocaine seeking. A, Animals were administered saline (n ϭ 10), 0.03 g(n ϭ 8) or 0.3 g (n ϭ 9) CNQX into the nucleus accumbens core before a priming injection of cocaine (10 mg/kg, i.p.) during the reinstatement phase. The total (mean Ϯ SEM) active and inactive lever presses during the reinstatement phase after administration of CNQX into the accumbens core are shown. Note that the total active lever responses were significantly different between the saline and 0.3 g of CNQX treatments. B, Time courses of the reinstatement responses after administration of saline or 0.3 g of CNQX into the nucleus accumbens core before a systemic priming injection of cocaine. There was a significant difference between the saline and 0.3 g of CNQX pretreatments during the 20 and 30 min time periods. C, Animals were administered saline (n ϭ 8), 0.03 g(n ϭ 4) or 0.3 g (n ϭ 8) CNQX into the nucleus accumbens shell before a priming injection of cocaine (10 mg/kg, i.p.) during the reinstatement phase. Depicted are the total (mean Ϯ SEM) active and inactive lever presses during the reinstatement phase. Total active responses were significantly different between the saline and 0.3 g of CNQX treatments. D, Time courses of the saline and 0.3 g of CNQX pretreatments from C. Note the significant difference between the saline and 0.3 g of CNQX pretreatments during the 10, 20, and 30 min time periods. E, Representative cannula placements in the nucleus accumbens core and shell. The right side is a schematic of a coronal brain section at the level of the anterior commissure (ac) from Paxinos and Watson (1997) . The left side is a photomicrograph showing cannula tracts in the core and shell of the nucleus accumbens. The white arrows indicate the microinjection locations in the core (right arrow) and shell (left arrow). measures over brain region (core and shell). This analysis revealed a significant main effect of reinstatement (F (1,20) ϭ 15.68, p Ͻ 0.0008) and a significant self-administration ϫ reinstatement interaction (F (1,20) ϭ 15.59, p Ͻ 0.0008) with no other significant main effects or interactions. Subsequent pairwise comparisons (Fisher's LSD, p Ͻ 0.05) showed that, in the shell, there was a significant difference between the cocaine/saline and saline/saline groups as well as a significant difference between the cocaine/cocaine group and both the saline/cocaine and saline/ saline treatments. Although there were trends toward similar effects in the core, post hoc tests (Fisher's LSD) revealed no significant differences. The number of subjects per group was as follows: saline/saline ϭ 7, saline/cocaine ϭ 8, cocaine/saline ϭ 4, cocaine/cocaine ϭ 5.
Reinstatement of food seeking had no influence on the expression of GluR2-pSer880 in the accumbens core and shell In these experiments, rats were trained to self-administer food or rats were yoked to the self-administration animals and received food pellets passively. During the reinstatement phase, presentation of food pellets produced robust reinstatement in the food self-administration rats but not the yoked controls (data not shown). GluR2-pSer880 in the accumbens core and shell during the reinstatement phase is shown in Figure 4 A. The core and shell data were analyzed with separate mixed factors ANOVAs, with food self-administration/yoked food as the between subjects factor and GluR2-pSer880 as the within subjects factor. The results of these analyses revealed no significant interaction in the nucleus accumbens core ( p Ͻ 0.9924) or shell ( p Ͻ 0.7847). There were 4 subjects per group. Noncontingent administration of cocaine did not produce significant changes in GluR2-pSer880 in either the nucleus accumbens core or shell It is possible that the increased expression of GluR2-pSer880 observed in the nucleus accumbens shell is a result of repeated exposure to cocaine, and is not dependent on contingent selfadministration of cocaine. To investigate this possibility, we used a separate group of animals that were exposed to either yoked cocaine or yoked saline. After 6 d of "extinction," all animals were given a challenge injection of cocaine (10 mg/kg, i.p.), put in the behavioral boxes for 30 min and then immediately decapitated. These data are summarized in Figure 4 B. There was no significant interaction observed in the nucleus accumbens core ( p Ͻ 0.4761) or shell ( p Ͻ 0.5170). There were 5 animals per group.
Intra-accumbal administration of Pep2-EVKI, which impairs AMPA receptor trafficking, attenuates the reinstatement of cocaine seeking After cocaine self-administration, the animals in the shell experiment required 5.33 Ϯ 0.59 d to reach the extinction criteria.
4
were bilateral. The insets represent some of the Western blots for GluR2-pSer880 and GAPDH (loading control) in the nucleus accumbens core and shell from the cocaine self-administration/ cocaine challenge injection and yoked saline/cocaine challenge injection treatments (yoked saline/saline challenge injection and cocaine self-administration/saline challenge injection blots not shown). Densitometric values from all Western blots were normalized to GAPDH and then expressed as percentage control. Results of these analyses are presented in B and C. There were no significant differences among treatments in terms of GluR2-pSer880 (B) in the nucleus accumbens core. There were significant increases in GluR2-pSer880 (C) in the cocaine/cocaine group relative compared with the saline/cocaine group and a significant decrease in the cocaine/saline relative to the saline/saline treatment in the nucleus accumbens shell. There were 4 -8 animals per treatment. During the reinstatement phase of this experiment, saline (n ϭ 8), Pep2-EVKI (n ϭ 8) or Pep2-SVKE (n ϭ 10) was microinjected into the nucleus accumbens shell 1 h before a systemic injection of 10 mg/kg cocaine (intraperitoneal). The total active and inactive lever responses during reinstatement are graphed in Figure  5A . These data were analyzed with a mixed-factors MANOVA. All data from one subject were removed from the analysis because of excessive inactive lever presses (80 after saline treatment, well beyond two SDs above the mean for this group). The results of this analysis revealed significant main effects of treatment (F (2,23) ϭ 4.89, p Ͻ 0.017) and lever (F (1,23) ϭ 72.089, p Ͻ 0.0001) as well as a significant interaction between these factors (F (2,23) ϭ 3.774, p Ͻ 0.038). Subsequent pairwise comparisons (Fisher's LSD, p Ͻ 0.05) revealed significant differences between the Pep2-EVKI and both the saline and Pep2-SVKE treatments. The time courses of the active lever reinstatement data for the saline and Pep2-EVKI treatments are shown in Figure 5B . These data were analyzed with a mixed-factors MANOVA, with repeated measures over time. The results of this analysis indicated significant main effects of treatment (F (1,14) ϭ 29.621, p Ͻ 0.0001) and time (F (11,4) ϭ 11.037, p Ͻ 0.0165) but no significant interaction between these factors (F (11,4) ϭ 2.515, p Ͻ 0.1937). Despite the lack of a significant interaction, there were substantial differences between treatments during the 20 and 40 min time periods. As a control for nonspecific motor-suppressing effects, Pep2-EVKI (n ϭ 10) or saline (n ϭ 9) was microinjected into the accumbens shell 1 h before the reinstatement of food seeking. The data were as follows (mean Ϯ SEM): saline, 94.11 Ϯ 18.03; Pep2-EVKI, 74.9 Ϯ 12.96. The statistical analyses revealed that there was no significant main effect of treatment (t (17) ϭ 0.878, p Ͻ 0.392). To demonstrate that the modified Pep2-EVKI used in these experiments was membrane permeable, this peptide was fluorescence-labeled (as described in the methods) and microinjected into the medial nucleus accumbens shell. Figure 5D includes a low-magnification photomicrograph demonstrating the extent of diffusion of Pep2-EVKI after microinjection. Figure 5 , E and F, has higher magnification photomicrographs showing punctate labeling of accumbal cells and processes. The morphology of these labeled cells is consistent with that of medium spiny neurons, which account for Ͼ90% of accumbal neurons. Pep2-EVKI and its saline vehicle also were administered into the accumbens core. The active lever data were as follows (mean Ϯ SEM): saline, 89.5 Ϯ 18.56, n ϭ 6; Pep2-EVKI, 32.0 Ϯ 13.51, n ϭ 6. These results were analyzed with a paired t test, which revealed a significant treatment effect (t (10) ϭ 2.504, p Ͻ 0.0333). Thus, administration of Pep2-EVKI into either the nucleus accumbens shell or core attenuated the reinstatement of cocaine seeking.
Discussion
The present results indicate that (1) administration of the AMPA/ kainate receptor antagonist CNQX into either the core or the shell of the nucleus accumbens attenuates reinstatement of drug seeking after a cocaine challenge injection; (2) the reinstatement of cocaine seeking is associated with a significant increase in GluR2-pSer880 in the nucleus accumbens shell; and (3) disruption of the interaction between GluR2 and PICK1, which plays a critical role in the trafficking of GluR2-containing AMPA receptors, in the nucleus accumbens core and shell attenuates the reinstatement of cocaine seeking. Collectively, these data suggest that phosphorylation-dependent trafficking of GluR2-containing AMPA receptors in the nucleus accumbens contributes significantly to the reinstatement of cocaine seeking.
Role of nucleus accumbens AMPA receptors in the reinstatement of cocaine seeking A growing body of evidence indicates that activation of AMPA receptors in the nucleus accumbens plays a critical role in cocaine priming-induced reinstatement of drug seeking (Kalivas et al., 2005; Schmidt et al., 2005) . The present data demonstrate that administration of an AMPA/kainate receptor antagonist into either the core or the shell of the nucleus accumbens attenuates the reinstatement of cocaine seeking, which suggests that activation of AMPA/kainate glutamate receptors in both the core and shell of the nucleus accumbens is necessary for the reinstatement of cocaine seeking. Consistent with these results, administration of AMPA into either the accumbens shell or core promotes the reinstatement of cocaine seeking (Ping et al., 2008) . Previous work also suggests that increased glutamatergic transmission in the dorsal striatum may also play a role in drug craving in that ad- Figure 4 . Reinstatement of food seeking or a cocaine challenge injection among yoked cocaine control rats has no influence on GluR2-pSer880 in the core or the shell of the nucleus accumbens. As depicted in A, yoked pairs were trained to either self-administer sucrose pellets (food group) or received yoked sucrose pellet administrations passively (yoke group). The selfadministering rats were then extinguished, after which all animals were reinstated with remote sucrose pellet administration. There was no difference in GluR2-pSer880 in the nucleus accumbens core or shell of food self-administering rats versus yoked controls. There were 4 animals per group. The results summarized in B are from rats that received noncontingent yoked injections of saline (Y-Saline) or cocaine (Y-Cocaine). A subsequent systemic priming injection of 10 mg/kg cocaine had no influence on GluR2-pSer880 in the accumbens core or shell of yoked cocaine relative to yoked saline subjects. There were 5 rats per treatment.
ministration of an AMPA/kainate receptor antagonist into the dorsal striatum attenuated cocaine seeking using a second order schedule of reinforcement (Vanderschuren et al., 2005) .
Although CNQX is a potent competitive antagonist of AMPA/ kainate receptors, at higher concentrations it can also act as an NMDA receptor antagonist via interactions with the glycine site (Birch et al., 1988; Sheardown, 1993) . A growing literature indicates that glycine receptors play an important role in various psychostimulated-mediated behaviors (Shoaib et al., 1995; Mead and Stephens, 1999; Papp et al., 2002; Bäckström and Hyytiä, 2006) (but see Hyytiä et al., 1999; Kotliń ska and Biała, 1999) . Similar doses of CNQX as those used in the current study have been used extensively to study the role of AMPA/kainate receptors in cocaine self-administration and the reinstatement of cocaine-seeking behavior (Bell et al., 2000; Cornish and Kalivas, 2000; See et al., 2001; Park et al., 2002; Hyytiä, 2003, 2007) . Interestingly, when administered directly into the accumbens shell, an NMDA receptor antagonist reinstated cocaine-seeking behavior (Park et al., 2002; Famous et al., 2007) , whereas the present results indicate that intra-accumbal administration of CNQX attenuates the reinstatement of cocaine seeking. Although this evidence, taken together, suggests that CNQX acts primarily as an AMPA/kainate receptor antagonist at the doses used in the current behavioral experiments, the action of this drug at NMDA receptors cannot be ruled out.
Changes in expression of GluR2-pSer880 in the nucleus accumbens during the reinstatement of cocaine seeking
The present data indicate that the reinstatement of cocaine seeking was associated with significantly increased GluR2-pSer880, a PKC phosphorylation site, in the shell subregion of the nucleus accumbens, although there was a marked trend toward an increase in the accumbens core as well. Moreover, the current results demonstrate that increases in GluR2-pSer880 receptor subunit expression in the nucleus accumbens are specific to animals undergoing reinstatement of cocaine-seeking behavior because no significant changes in GluR2-pSer880 were observed in the shell or core of yoked cocaine rats or during the reinstatement of food-seeking behavior. In contrast, GluR2 subunits appear to play an important role in food reward because AMPA receptor antagonists increase feeding when administered into the nucleus accumbens shell (Kelley, 1999) and GluR2 knock-out mice do not display a conditioned place preference for food (Mead et al., 2005) . It seems likely that the reinforcer-specific changes in GluR2-pSer880 in the accumbens shell observed in the current experiments are attributable to the fact that the neuronal circuits underlying cocaine and food seeking behaviors are at least partially segregated (Carelli and Wondolowski, 2003; Horvath and Diano, 2004) .
The present findings suggest that the reinstatement of cocaine seeking is associated with a PKC-dependent increase in the phosphorylation of GluR2 subunits in the nucleus accumbens shell and possibly core. To our knowledge, no studies have previously examined a potential role for accumbal PKC in the reinstatement of cocaine seeking. However, repeated systemic cocaine injections increased the phosphorylation of some, but not all, iso- Figure 5 . Intra-accumbal shell administration of Pep2-EVKI, which impairs AMPA receptor trafficking, attenuates the reinstatement of cocaine seeking. A, The total active and inactive lever responses (mean Ϯ SEM) after intra-accumbal shell microinjection of saline, Pep2-EVKI or Pep2-SVKE before a systemic priming injection of 10 mg/kg cocaine (intraperitoneal) during the reinstatement phase. Note the significant difference in active lever responses between Pep2-EVKI/cocaine and the saline/cocaine treatments. There were 8 -10 rats per treatment. B, The time courses of the active lever reinstatement data for the saline/cocaine and Pep2-EVKI/cocaine treatments. There were substantial differences between the saline/cocaine (open circles) and Pep2-EVKI treatments (closed circles) during the 20 and 40 min time periods. To demonstrate that the modified Pep2-EVKI used in these experiments was membrane permeable, this peptide was fluorescence-labeled (as described in Materials and Methods) and microinjected into the medial nucleus accumbens shell. C, Low-magnification photomicrograph demonstrat- 
